A multilevel microfabrication process has been developed to produce silicon Fresnel lenses for terahertz waves. A repeated binary fabrication process was used to create lenses with up to eight levels in complexity and these lenses have been compared to both less complex structures and refractive optic lenses. The microfabrication required deep reactive ion etching and multilevel resist processing using SU8 photoresist. At the design frequency of 1 THz an eight-level lens showed significant improvement in intensity at the focus and had much reduced energy lost into sidelobes compared with refractive lenses.
I. INTRODUCTION
Diffractive optics are most beneficial in many optical systems where they can perform tasks otherwise not possible with conventional refractive optics. 1 As of yet the use of diffractive optics has not been widely explored in the terahertz ͑THz͒ frequency range. This exciting field has many applications in which the diversity supplied by a diffractive optic structure is much desired. 2 Currently beam manipulation at THz frequencies is restricted to parabolic mirrors and refractive optics which usually are made from high density polyethylene or silicon. The former is often used as it is an inexpensive material and can be machined easily using a computerized lathe. However at any frequency there is always a desire to use diffractive Fresnel lenses as they offer many advantages including low f number, reduced form factor and the ability to easily create lens arrays or other arbitrary beam formation.
Because silicon microelectrical mechanical structure ͑MEMS͒ technology is relatively mature, it is an obvious candidate for making diffractive THz optical elements. Using silicon as a material has other benefits: its high refractive index means the depth of the structuring is minimized; also, the fact that the lenses can be created on conventional wafers means high quality material in which to fabricate them already exists. Silicon allows the formation of a large diameter optic-or large arrays of smaller optics-with extremely high surface quality and a very small thickness.
Binary optic fabrication is a well-known technique for fabricating multiple level diffractive structures. 3 There is a desire to create structures of greater complexity, as the performance gain over simple two level structures or zone plates is significant. The dimensions and depth of these structures is dependent on the frequency used and the focal length desired. Varying combinations of this will create different fabrication challenges as it will require the use of a different range of microfabrication processes. 4 This work details the production of silicon Fresnel lenses designed to optimally perform at 1 THz. At this frequency the wavelength is 300 m and the silicon etch depth required to produce a phase shift is 124 m. Constructing a multiple level structure of this total depth introduces some unique challenges in etching, planarization and lithography.
Fresnel lenses of two, four, and eight levels have been fabricated with a diameter of 30 mm and a focal length of 26 mm. These were compared to a simple zone-plate of the same dimensions and refractive lenses made from silicon and polyethylene in a pulsed THz imaging system. Analyzing these different structures on their focal plane gives an excellent comparison of the temporal and spatial response.
The remainder of this article is structured as follows. The next section details the fabrication technique designed to fabricate multiple-level THz Fresnel lenses. Following this testing results are presented for various diffractive lenses showing the performance enhancements multiple-level lenses give over simple two-level optics and zone plates. A test comparison with conventional refractive optics indicates similar intensity and an improvement in aberration at the focus.
II. FABRICATION TECHNIQUE

A. Lithography
In binary optic fabrication each lithography and etching stage increases the structure complexity by a factor of 2. Hence the eight-level structures that were made took a total of three lithography and etching stages to complete. Each stage involves using a mask with features of half the dimension and half the etch depth of the previous stage. Hence as a͒ Author to whom correspondence should be addressed; electronic mail: e.walsby@elec.canterbury.ac.nz the process progresses the lithography becomes more challenging requiring the structuring of finer features of greater depths, and although less etching is required the depth and dimension of the features becomes nontrivial. This fabrication process is outlined in Fig. 1 .
The lenses were fabricated on ͗111͘ oriented silicon wafers with resistivity greater than 1000 ⍀ cm. Higher resistivity material prevents high absorption of the THz radiation. Conventional wafers with resistivity of around 10 ⍀ cm were found to absorb around 50% of the radiation at 1 THz. Although the orientation of the wafers is unimportant during fabrication with reactive ion etching, the use of ͗111͘ orientation material allows for postfabrication surface smoothing and alignment error correction using a KOH wet etch, as ͗111͘ is a natural etch stop plane. 5 Two-, four-, and eight-level structures have been designed and fabricated for operation at a frequency of 1 THz. The depth required for each etch stage depends on the target number of levels. For this lens set the combined etch depth of all stages was a total of 124 m. Etch depths for two-, four-and eight-level structures are shown in Table I . These depths present a challenge for the conventional reactive ion etch ͑RIE͒ system used in this work, however such deep etches are easily achieved using high density plasma etching systems. 6 Planarization and resist processing for each etch step was performed using a thick negative photoresist ͑XP-SU8, Microlthography Corp.͒ also used as the etch mask where thickness depended on topography. Contact lithography is used for resist exposure. Prior to any resist processing a sacrificial oxide layer was formed. This was necessary as the XP-SU8 photoresist is very difficult to strip. It is possible to strip it in an oxygen plasma but the surface damage to the silicon resulting from ion bombardment during this process is undesirable. The oxide was formed in an air furnace at 950°C. This formed a layer over the entire surface, and sidewalls of the etched structures, of approximately 50 nm. It was found that this depth was quite sufficient to enable liftoff of the resist postprocessing using hydrofluoric acid.
Following the growth of the silicon oxide layer the photoresist is planarized across the surface of the structure. The viscous nature of this material enables it to be spun on and to fill deeply etched pits. Obtaining good, even planarization was found to be of utmost importance in obtaining the best lithography results. As contact lithography was used uneven planarization led to diffraction of light, which exposed resist in undesired areas. Utilizing as high a spin speed as possible results in the most even layer of resist. Spin speed had to be kept under 3000 rpm, however, to avoid bubbles forming in the resist. The resist thickness used depended upon the etch depth required. With a typical etch selectivity of 3:1, a top surface thickness of up to 50 m was employed to enable the single etch of the two-level devices.
B. Reactive ion etching
A conventional reactive ion etcher ͑Oxford Instruments Plasmalab 80 Plus͒ was used to form the structures in the silicon wafers. Etching was conducted at 173 K with a gas mixture of SF 6 , CHF 3 and O 2 .
7 The gas flow rates were SF 6 60 sccm, CHF 3 20 sccm, and O 2 15 sccm. With these conditions an anisotropic etch condition was possible at a pressure of 0.1 Torr giving an etch rate of 0.3 m/min.
The maintenance of a smooth surface during etching is important. The addition of oxygen to the gas mixture for sidewall passivation can cause the formation of silicon oxide on the silicon surface. This has a much higher selectivity than silicon to etching and because of this will form micromasks. If not removed these will lead to the formation of sharp structures over 1 m in height, otherwise known as black silicon. 8 Once developed, these structures have a propensity to worsen as there is a much greater tendency for silicon oxidation to occur in sharp features. The light trapping property of these structures makes the subsequent lithography stages very difficult. The degradation of the silicon surface can also lower the optical performance of the final device. To avoid the formation of oxides CHF 3 was added to the gas mixture. The three gas mixture used gave the desired results of deep etching with minimal lateral etching while maintaining a smooth surface.
Because of the problems experienced with oxide micromasking with various etchant gas combinations tried it was feared that the sacrificial oxide layer that was grown could lead to down stream problems that would subsequently ruin the quality of the etched surface. The etch gas mixture was important in maintaining good resist integrity. Initially a short dry etch was used to remove the surface oxide layer on the exposed surface. This consisted of only CHF 3 and O 2 . However this etch process proved to damage the photoresist in such a way that it lifted off during the silicon etching process. A dry etch removal of the oxide layer could not be determined that would not damage the resist. It was found that the uniformity of the oxide layer and the speed with which it could be removed with the silicon etch gas mixture meant the CHF 3 /O 2 stage could be avoided. A micrograph of a completed four-level lens is shown in Fig. 2͑a͒ and a profile of an eight level lens is shown in Fig.  2͑b͒ . The etch results display smooth surfaces and straight side walls. These etch results are important for assisting high quality alignment during photolithography. Such etch results also ensure a high quality optic. Figure 3 schematically illustrates the electro-optic THz wave imaging system used to characterize the lenses. 9 A collimated, pulsed THz beam was passed through a test lens and imaged using a 4-mm-thick electro-optic ZnTe crystal. The two-dimensional image of the probe beam in the ZnTe crystal was detected by an optical charge coupled device ͑CCD͒ camera. By scanning the time delay between the THz and probe beams we were able to obtain spatial and temporal information for different lens structures.
III. DEVICE TESTING
A. Fresnel lens comparison
Comparison of lenses of different complexity is shown in Fig. 4 . Higher peak intensity in the focal point is observed as the number of levels in the lens increases from 2 to 4 and from 4 to 8. This illustrates the importance of extending simple zone plate optics to multiple levels. There are significant improvements in both the intensity and shape of the beam at the focal plane of radiation passing through progressively more complex structures. The point of intensity created forms a much tighter focus in the higher level optics. This relates to the improved diffraction efficiency of the lenses as they are structured to more levels. The theoretical and measured efficiencies are shown in Table II . The marked improvement of the multilevel lenses is evident, which has efficiencies that compare well to theoretical approximations. The two-level lens is an anomaly which has a lower than expected efficiency.
B. Comparison of diffractive with refractive optics
Comparisons were made between the four-level Fresnel lenses and selected refractive optic lenses. Two refractive lenses made from silicon and polyethylene with an f number of 1 and 2.5, respectively, were used. The polyethylene lens had a focal length of 5 cm and the silicon lens a focal length of 10 cm. Analysis was conducted at the focal plane of each optic, at the 1 THz design frequency for the Fresnel lens.
The focal plane performance of the four-level silicon Fresnel lens is compared with refractive silicon and polymer lenses in Fig. 5 . The intensity distribution is sharper and more symmetrical for the Fresnel lens than for its refractive counterparts, indicating that spherical aberrations are smaller. Considering the intensity at the focus for each lens is similar the performance around the design frequency of the Fresnel lens is superior.
IV. CONCLUSIONS
A multilevel fabrication process has been developed to create multilevel silicon microstructures and THz Fresnel lenses of up to eight levels have been demonstrated. This required the development of a RIE process that would be anisotropic and give smooth surfaces. This was achieved with a three gas mixture of SF 6 , CHF 3 , and O 2 . The gas mixture and etch conditions where chosen to ensure the above results. This was a cryogenic process at 173 K and 0.1 Torr. The lithography was conducted with a thick polymer resist XP-SU8 that could be used for both lithography and as an etch mask. The demanding lithographic requirements for this process were met by this resist through careful processing design. This was a resist layer that could be developed at over 50 m thickness creating fine features down to 74 m that could act as a robust etch mask.
The testing results show the clear benefits in creating lens structures of multiple levels where both four-and eight-level structures show a significant difference in the simple twolevel lens. The difference in focusing intensity between a two-and eight-level lens is over 1 order of magnitude and the eight-level lens displays a much tighter focus with minimal energy being lost into sidelobes. Although the fabrication process can easily be extended to create structures of 16 levels or higher the performance gain achieved is small 3 and the additional processing required would make this extension less attractive.
Diffractive optic lenses were shown to have an impressive performance compared to the current refractive optics in use. Analysis of focal spots of the different optics showed a reduced aberration in the Fresnel lenses. This fabrication method enables the production of lenses with a much reduced form factor and a smaller f number. The additional benefits in using Fresnel optics lie in their versatility. This technology enables the production of unique beam manipulation, enabling the formation of arbitrary focal patterns. An immediate application of this is in the creation of THz optical arrays, something very difficult to achieve with refractive lenses. 
